Chemokines and their corresponding chemokine receptors constitute key regulators of immune activities. Chemokines are divided to two major families, homeostatic and inflammatory[@b1]. Homeostatic chemokines are mainly expressed in lymphoid organs and mediate leukocyte trafficking to these sites during immune homeostasis, while inflammatory chemokines are inducibly expressed at infected/damaged tissues, and thereby recruit leukocytes to sites that have been exposed to an inflammatory insult[@b1][@b2]. CCL5 (RANTES) is an inflammatory chemokine which acts as a key regulator of T-cell migration to inflammatory sites, directing the migration of T cells to damaged or infected sites. In addition, CCL5 regulates T-cell differentiation, and this, is supported by evidence depicting that CCR5 is expressed in Th1 cells[@b3][@b4]. Chemokine receptor CCR5 is one of the three corresponding high-affinity receptors of CCL5, along with CCR1 and CCR3[@b2][@b5].

The CCL5:CCR5 axis acquires a beneficial biological role, as it provides antiapoptotic signals for macrophage survival during infection, through the protection of tissue macrophages from virus-inducible cell death[@b6]. Recent experimental findings also suggest that CCL5, owing to the CCL5:CCR5 chemokine-mediated signaling, may be important as a general B cell coactivator[@b7], and that the CCL5:CCR5 interaction is a major regulator of endothelial progenitor cells homing during wound healing[@b8]. In addition, as the gp120 protein of HIV-1 binds to chemokine receptors CCR5[@b9], or CXCR4[@b10], a primary step of the HIV-1 entry to the host cell, the binding of CCL5, as well as of CCL5 derivatives, to CCR5 is considered a potential HIV-1 therapeutic axis[@b11][@b12][@b13][@b14][@b15].

A series of studies have provided growing evidence of the expression of CCL5 and CCR5 in predominantly non-hematological malignancies[@b1][@b3]. Several studies identified correlations between high levels of intratumoral CCL5 expression and advanced stages of breast cancer[@b1][@b16][@b17][@b18]. Furthermore, CCL5 possesses an important role in promoting pro-cancerous activities in tumor cells, as it acts directly on the cancer cells, leading to increased proliferation in breast, colorectal, gastric as well as prostate cancers[@b1][@b19][@b20]. Moreover, CCL5 was identified as a potent inducer of tumor cell migration and invention in tumor cells involved in breast, colorectal, osteosarcoma and prostate cancers[@b1][@b19][@b20][@b21]. Overall, the experimental evidence supports that the CCL5:CCR5 signaling leads to pro-cancerous consequences[@b1], and therefore, it constitutes a potential therapeutic target against cancer.

The key role of the CCL5:CCR5 pathway in the primary and advanced stages of different types of tumors suggests that the delineation of the CCL5:CCR5 complex structure can pave the way for discovering novel CCR5-targeted drugs. No high-accuracy computational or complete experimental structure exists for the CCL5:CCR5 complex. Two previous attempts[@b22][@b23] to model the CCL5:CCR5 complex structure have not reported a high-degree of agreement with previous experimental findings[@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35][@b36], and did not succeed - among others - to meet key experimental evidence depicting that the N-terminus of CCL5 (i) interacts with the transmembrane helical bundle of CCR5[@b31] and (ii) is crucial for activation[@b25]. A recent study by Schnur *et al.*[@b37] provided useful insights on the key CCL5 interacting residues in complex with a recombinant CCR5 construct "Nt-ECL1-ECL2"containing only the N-terminal segment and residues 89--101 and 168--194 of extracellular loops 1 and 2. Despite the valuable results derived in[@b37], the CCR5 transmembrane domain is crucial (i) for CCL5 binding and signaling[@b14][@b25][@b27][@b30][@b31][@b32][@b33], and (ii) for CCL5 to adopt an appropriate orientation to optimally interact with the entire CCR5. Thus, there is no explicit evidence which supports that the identified CCL5 residues which are affected by CCR5 binding in complex with CCR5 domains, reported in the NMR study[@b37], would also correspond to the important CCL5 residues in complex with the entire chemokine receptor; see *Discussion* in the [Supplementary Information](#s1){ref-type="supplementary-material"}.

The presence of NMR[@b38][@b39] structures for CCL5, as well as the recently reported X-ray structures of CCR5[@b40], and its homologous CXCR4[@b41], provide the basis for the computational derivation of the CCL5:CCR5 complex structure. In this work, we exploit these structures, as well as our recent computationally derived structure of an HIV-1 gp120 V3 loop in complex with CCR5[@b9], to derive the first complex CCL5 : CCR5 structure which is in excellent agreement with experiments (see CCL5 and CCR5 residues marked in bold face in [Table 1](#t1){ref-type="table"}). A similar computational protocol to the one applied in the present study has already demonstrated its power in elucidating the complex structures of a specific dual tropic HIV-1 gp120 V3 loop in complex with CXCR4[@b10] and CCR5[@b9], as well as the structure of chemokine CXCL12 (SDF-1α) in complex with CXCR4[@b42].

Results
=======

We present the complete complex structure of CCL5 in complex with CCR5. The structure corresponds to an ensemble of snapshots derived from the simulation "Complex 14A" (see *Methods*). The conformations extracted at 2 ns intervals are provided as [Supplementary Coordinates](#s1){ref-type="supplementary-material"} in PDB format. We analyzed 1000 simulation snapshots of "Complex 14A" which were extracted at 20-ps intervals: (i) we calculated the average intermolecular interaction free energies between CCL5 : CCR5 residue pairs ([Supplementary Figure 1](#s1){ref-type="supplementary-material"}), (ii) we summed up the total intermolecular interaction free energies of every CCR5 residue, so as to provide insights into the role of each interacting CCR5 residue in complex with CCL5, and in addition, (iii) we evaluated the intermolecular hydrogen bond occupancies ([Supplementary Table 1](#s1){ref-type="supplementary-material"}). Based on these analyses, we summarize the basic intermolecular CCL5 : CCR5 interactions in [Table 1](#t1){ref-type="table"}.

According to the computationally derived structure, the 1--15 residue moiety of CCL5 is inserted into the CCR5 binding pocket; the 1--6 N-terminal domain of CCL5 is buried within the transmembrane region of CCR5, and the 7--15 residue moiety of CCL5 is predominantly encompassed by the N-terminal domain and extracellular loops of CCR5. CCL5 residues Ala16, Arg17 and additional residues of the 24--50 residue moiety interact with the upper N-terminal domain and extracellular loop interface of CCR5 ([Figure 1](#f1){ref-type="fig"}).

Conformational Analysis of CCL5 and CCR5 within the Simulation
--------------------------------------------------------------

According to STRIDE[@b43], the CCL5 conformation acquires the following secondary structure features: (i) β-turns in residue domains 11--14, 20--23, 31--37, 44--47, 52--55, and to a smaller extent 6--10 (the 20--23 β-turn is frequently interchanged with a 3~10~ helix formed by residues 21--23); (ii) β-extended antiparallel sheets which involve residue domains 24--29, 39--43 and 47--51; and (iii) α-helical conformation within the 56--65 residue moiety. We aligned the complex structures of the simulation based on the receptor\'s backbone transmembrane region, and calculated the average backbone root mean square deviation (RMSD) of CCL5, with respect to the first simulation snapshot after equilibration. The calculated RMSD values for the total CCL5, the 1--11, 1--15 and 16--68 CCL5 residue moieties are 1.7 ± 0.5 Å, 0.9 ± 0.3 Å, 1.0 ± 0.3 Å and 1.6 ± 0.5 Å, respectively. The results show that the overall CCL5 conformation is well maintained throughout the simulation, and that the more CCL5 is buried into CCR5, the more rigid it is. Thus, similarly to the CXCL12 binding to CXCR4[@b42], the bound properties of CCL5 differ from its unbound properties, as the 1--11 residue moiety of CCL5 is the most flexible region in the unbound conformation[@b39]. The CCR5 conformation is very well maintained within the simulation, and this is reflected by the relatively low average backbone RMSD values of the transmembrane region and N-terminal domain (0.8 ± 0.1 Å and 1.2 ± 0.3 Å, respectively).

Interactions of CCL5 Residues 1:5 with CCR5
-------------------------------------------

CCL5 residue Ser1 is the most buried CCL5 residue within CCR5 and participates in a highly interacting salt bridge with CCR5 residue Glu283 through its positively charged N-terminal ([Figure 2](#f2){ref-type="fig"}). The charged N-terminal is also (i) hydrogen bonded to CCR5 residue Gln280, (ii) is polarly attracted to CCR5 residue Asp276, and (iii) is in proximity to the aromatic ring of CCR5 residue Tyr37. The side chain hydroxyl group of Ser1 forms a hydrogen bond with CCR5 Tyr251 OH and less frequently Met279 SD. In addition, throughout the simulation, the charged N-terminal of Ser1 participates in a cation-π interaction with the aromatic ring of Trp86 ([Figure 2](#f2){ref-type="fig"}), and in general, Ser1 forms contacts with a cluster of CCR5 aromatic residues: Trp86, Tyr89, Tyr108 and Tyr251. CCL5 residue Pro2 is buried within a pocket comprised of CCR5 residues Trp86, Thr105, Tyr108, Phe109, Thr167, Cys178, Ser179, Tyr251 and Glu283. CCL5 residue Tyr3 forms non-polar contacts with CCR5 residues Thr105, Phe109, Gly163, Thr167, Cys178, Ser179, Ser180, Lys191, Thr195, Ile198, Tyr251, Leu255, Met279; its aromatic side chain position is predominantly stabilized due to aromatic interactions with CCR5 residue Phe109, and a hydrogen bond interaction of its side chain hydroxyl group with CCR5 Thr167 OG1. CCL5 residue Ser4 intercalates among the side chain moieties of CCR5 residues Lys22, Glu172, Ser179, Lys191, Asn258, Asp276 and Met279; its main chain carbonyl group is frequently hydrogen bonded to CCR5 Lys191 NZ, and its side chain hydroxyl group is also frequently hydrogen bonded to CCR5 Lys22 and Asp276 OD1/2 ([Figure 2](#f2){ref-type="fig"}). CCL5 residue Ser5 participates in a series of hydrogen bond interactions with CCR5 residues, Ser5 O : Lys22 NZ, Ser5 N : Asn258 OD1/ND2, Ser5 OG : Lys22 NZ ([Figure 2](#f2){ref-type="fig"}), Ser5 OG : Asn258 OD1 and Ser5 OG : Ser272 O/OG; Ser5 of CCL5 is also polarly attracted to CCR5 residue Glu262, and it participates in non-polar contacts with CCR5 residues Gln261, Leu275 and Asp276.

Interactions of CCL5 Residues 6:17 with CCR5
--------------------------------------------

CCL5 residue Asp6 is predominantly polarly attracted to CCR5 residues Met1, Asp2, Lys22, Ser179, Lys191 and Glu262. These polar interactions comprise a highly interacting salt bridge with CCR5 residue Lys191 ([Figure 2](#f2){ref-type="fig"}), and less frequent hydrogen bond interactions among atom pairs Asp6 O : Met 1 N, Asp6 N : Glu262 OE1/2 and Asp 6 OD1 : Ser179 OG; also, the negatively charged side chain group of CCR5 Asp2 is proximal to the backbone amide group of CCL5 Asp6. CCL5 residues Thr7 and Thr8 intercalate among CCR5 residues Asp2, Ser17, Cys20, Gln21, Lys22, Gln261, Glu262, Phe264, Cys269, Ser272, and Met1, Asp2, Gln21, Lys22, Asn24, Glu172, respectively, and form non-polar and polar interactions with the aforementioned CCR5 residues; the polar interactions include hydrogen bonds between atom pairs: Thr7 N : Asp2 OD1/2, Thr7 O : Lys22 N, Thr7 OG1 : Ser272 OG, Thr8 O : Met1 N, Thr8 OG1 : Gln21 NE2 and Thr8 OG1 : As24 OD1/ND2. CCL5 residue Pro9 forms non-polar contacts with CCR5 residues Met1, Cys20 and Gln21, and infrequently, its backbone carbonyl forms a hydrogen bond with the charged N-terminal of CCR5 residue Met1. CCL5 residues Cys10 and Cys11 are enveloped between, and interact with, the non-polar side chain moieties of CCR5 residues Met1, Tys3 (sulfated tyrosine 3), Gln21, Asn24, Lys171, Glu172 and Gly173; apart from the non-polar interactions, the backbone carbonyl of Cys10 is hydrogen bonded to the charged N-terminal of CCR5 residue Met1, and the sulfur atom of Cys11 is polarly attracted to the charged side chain group of CCR5 residue Tys3. CCL5 residue Phe12 participates in strong hydrophobic interactions with the non-polar side chain moieties of CCR5 residues Met1, Glu170, Lys171, Glu172, Ser179 and the aromatic groups of CCR5 residues Tys3 and Tyr184; also, the backbone moiety of CCL5 residue Phe12 forms a high-occupancy hydrogen bond with the charged side chain group of CCR5 residue Tys3, and less frequently with CCR5 atoms Gln170 NE2 and Lys171 N. The group of CCL5 residues Ala13, Tyr14, Ile15, Ala16 and Arg17 participates in strong hydrophobic interactions with a cluster comprising the non-polar side chain moieties of CCR5 residues Tys3, Gln170, His181, Tyr184, Ser185 and Tyr187; these interactions are facilitated in the presence of high occupancy polar hydrogen bond interactions between atom pairs: Ala13 N : Tys3 OS3, Tyr14 N : Tys3 OS3, Ala16 N : Tyr184 O, and Arg17 NH1 : Tyr187 OH ([Figure 2](#f2){ref-type="fig"}).

Interactions of CCL5 Residues 25:50 with CCR5
---------------------------------------------

CCL5 residue Lys25 forms a high occupancy salt bridge with CCR5 residue Tys14. The hydroxyl side chain group of CCL5 residue Ser31 is throughout the simulation attracted to the polar side chain group of CCR5 residue Gln21, owing to frequent hydrogen bond interactions among atom pairs Ser31 OG : Gln21 OE1/NE2. CCL5 residue Lys33 is in proximity to CCR5 residues Gln21, Asn24 and Leu174, and is involved in the following low occupancy hydrogen bonds: Lys33 O : Asn24 ND2, Lys33 NZ : Gln21 OE1, and Lys3 NZ : Asn24 OD1. CCL5 residue Cys34 is in the vicinity of CCR5 residue Gly173. CCL5 residue Ser35 forms non-polar contacts with CCR5 residue Leu174, and is polarly attracted to CCR5 residues Lys171 and Gly173 due to the occurrence of hydrogen bonds among atom pairs: Ser35 N : Gly173 O, Ser35 OG : Lys171 NZ ([Figure 2](#f2){ref-type="fig"}), Ser35 OG: Gly173 O. CCL5 residue Asn36 is in the vicinity of CCR5 residue Lys171, and consequently, Asn36 OD1 is infrequently hydrogen bonded to Lyz171 NZ. CCL5 residues Val40 and Val42 are adjacent to CCR5 residues Met1 and Tys14, respectively. The non-polar moiety of CCL5 residue Arg44 is attracted to the hydrophobic CCR5 residue Val4, and the charged amide of Arg44 is hydrogen bonded to the hydroxyl group of Tyr187. CCL5 residue Lys45 forms a highly interacting salt bridge with CCR5 residue Asp11 ([Figure 2](#f2){ref-type="fig"}), is polarly attracted to oppositely charged CCR5 residue Tys14, and its non-polar side chain moiety is non-polarly attracted to CCR5 residues Val5 and Ser6. CCL5 residue Asn46 is enveloped among the side chain groups of CCR5 residues Gln4, Asp11, Tys14 and Tys15, and is position is stabilized owing to the hydrogen bonding interaction between the backbone and side chain amide groups of Asn46 with (i) the negatively charged side chain group of Tys14, as well as (ii) the hydroxyl group of Tyr15. CCL5 residue Arg47 participates in a wealth of polar and non-polar interactions with CCR5 residues which include (i) cation-π interactions formed between Arg47 and CCR5 residues Tys3 and Tyr187 ([Figure 2](#f2){ref-type="fig"}), (ii) a hydrogen bond interaction formed between the backbone amide of Arg47 and the negatively charged side chain group of CCR5 residue Tys14, (iii) a hydrogen bond interaction formed between the positively charged side chain amide of Arg47 and the backbone carbonyl of CCR5 residue Gln4, (iv) non-polar and --mainly-- polar interactions with CCR5 residues Val5 and Glu18, respectively. CCL5 residue Gln48 intercalates among the side chains of CCR5 residues Met1, Tys3, Tys14 and Glu18, and its stable positioning is enhanced due to hydrogen bond interactions which are formed between Gln48 NE2 and the charged side chain groups of CCR5 residues Tys14 and Glu18. CCL5 residues Val49 and Cys50 are proximal to CCR5 residues Met1 and Tys3, and the backbone amide of Cys50 is hydrogen bonded to the charged side chain group of Tys3.

Comparison between the CCL5 : CCR5 and CXCL12 : CXCR4 Binding Modes
-------------------------------------------------------------------

We used TM-align[@b44] to superimpose the CCL5 : CCR5 and CXCL12 : CXCR4[@b42] complex structures (see [Supplementary Figure 2A](#s1){ref-type="supplementary-material"}). Owing to the approximately 30% sequence homology between the two chemokine receptors, and the fact that the CCR5/CXCR4 domains (e.g. N-terminal domains, extracellular loops) have different conformations and sequence lengths, an RMSD comparison cannot enlighten and fully describe the similarities/differences between the CCL5 : CCR5 and CXCL12 : CXCR4 binding modes: the backbone RMSD between the CCR5 and CXCL12 1--48 residue moieties is approximately 9 Å; this result indicates the two chemokines do not possess the same structural arrangement in complex with the chemokine receptors, but it does not necessarily imply a dissimilarity between the CCL5 : CCR5 and CXCL12 : CXCR4 binding modes. Thus, to compare between the two binding modes, we performed a sequence alignment of the two chemokine receptors to identify the homologous receptor residues, and subsequently, we compared the intermolecular Cα : Cα distances of CCL5/CXCL12 : (homologous) CCR5/CXCR4 residue pairs which are located on the protein binding interface in the final simulation snapshots (see [Supplementary Figure 2B](#s1){ref-type="supplementary-material"}). The advantage of this analysis is that it does not depend on the structural superposition of the two complex structures, and depends only on relative intermolecular distances which are indicative of the binding mode properties. The results show that the main dissimilarities between the intermolecular Cα : Cα distances of CCL5/CXCL12 : (homologous) CCR5/CXCR4 residue pairs involve contacts of chemokine residues with the N-terminal domains of the two chemokine receptors, and this can be attributed to the different conformations and sequence lengths of the CCR5/CXCR4 N-terminal domains. In addition, some dissimilarities of intermolecular Cα : Cα distance pairs involve contacts between the chemokine residue moieties 32--37, 46--53 with the second extracellular loop of the chemokine receptors. The overall analysis shows that the similar neighboring chemokine : chemokine receptor residue pairs are approximately twice compared to the dissimilar ones, for all chemokine receptor domains excluding the N-terminal regions. Therefore, the CCL5/CXCL12 : homologous CCR5/CXCR4 neighboring residue pairs, outside the N-terminal regions of the receptors, are mostly similar, and consequently, our analysis suggests that the binding mode of CCL5 in complex with CCR5 is similar to the binding mode of CXCL12 in complex with CXCR4[@b42] (see [Supplementary Figure 2A](#s1){ref-type="supplementary-material"}).

Molecular recognition of CCR5 by CCL5 versus the HIV-1 gp120 V3 loop
--------------------------------------------------------------------

The residue pair-wise interaction free energies ([Supplementary Figure 1](#s1){ref-type="supplementary-material"}) are summed up for every CCR5 residue in complex with CCL5 and are presented in [Figure 3](#f3){ref-type="fig"}. [Figure 3](#f3){ref-type="fig"} also presents the residue pair-wise interaction free energies summed up for every CCR5 residue in complex with the dual tropic HIV-1 gp120 V3 loop of[@b9]. Thirty CCR5 residues (i.e., Glu283, Tys3, Tys14, Asp11, Met1, Lys22, Asp276, Glu18, Asp2, Gln4, Ser179, Glu262, Tyr184, Gln280, Gln21, Tyr15, Lys191, Glu172, Trp86, Cys178, Met279, Ser272, Tyr251, Asn24, Gln170, Val5, Asn258, Cys20, Gln261, Phe264), interact significantly with both the chemokine and the virus[@b9] and are included in panel A (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Panel B includes five CCR5 residues (i.e., Lys171, Tyr187, Gly173, Thr167 and Leu174) which interact with the chemokine and to a smaller (or considerably smaller) extent with the virus[@b9], and in addition, eleven CCR5 residues (i.e., His289, Ser180, Pro183, Ile12, Thr177, Gly286, Ser17, Tyr89, Gln188, Tyr108, and Tys10) which interact with the virus[@b9] and to a smaller (or considerably smaller) extent with the chemokine. Panel A comprises approximately twice as many residues than panel B. Thus, the chemokine and the virus[@b9] primarily interact mostly with the same CCR5 residues and share to a large extent the same CCR5 binding pocket. [Figure 4](#f4){ref-type="fig"} presents the superimposed CCR5 structures in complex with the HIV-1 gp120 V3 loop[@b9] and CCL5 and depicts in fat tube representation the virus and chemokine residues which exhibit significant overlap with regard to the conformational space they occupy in complex with CCR5. Specifically, the HIV-1 gp120 V3 loop residue domain 5--33 (residue domain 300--329 in the complete gp120 sequence[@b45]) and CCL5 residue domains 1--8, 12, 13, 15, 43--50, occupy the same conformational space.

Discussion
==========

A series of experiments depicted that certain CCR5 residues are involved in the CCL5 mediated binding-signaling. In 1998, a study by Rabut *et al.*[@b29] showed that CCR5 mutants Y3A and C20A caused a 25% and 70%, respectively, impairment in the inhibition of HIV-1 coreceptor function by CCL5. Also, Dragic *et al.*[@b35] in 1998 showed that CCR5 mutants D11A, K22A, R31A, H181A, Y184A, K171A/E172A, K191A/N192A, R274A/D276A were relatively insensitive to inhibiting the HIV-1 coreceptor function by CCL5. Moreover, Blanpain *et al.*[@b32] suggested that residues 10--13 of CCR5 are important for CCL5 binding. In 2001, a study by Govaerts *et al.*[@b26] indicated that CCL5 displays an unaffected affinity for the CCR5 mutants T82S, T82C, T82A, and T82V. In a subsequent study Govaerts *et al.*[@b27] in 2002, showed that CCR5 mutants F85L, F85L/L104F, F85L/Y89S do not significantly influence binding, the mutant Y89S/L104F reduces binding significantly, and mutants F85L, L104F, F85L/L104F, Y89S, F85L/Y89S, Y89S/L104F, Y108A, F112Y and L104F/F109H/F112Y result in reduced signaling; among the aforementioned mutants, Y89S/L104F results in the most significant loss in signaling. In addition, Blanpain *et al.*[@b31] in 2002 concluded that the core domain of CCL5 binds distinct residues in CCR5 extracellular domains, whereas the N terminal domain of chemokines mediates receptor activation by interacting with the transmembrane helix bundle. In the same study the authors showed that (i) specific binding to K191A-expressing cells was below the limit of detection, even using higher concentrations of \[^125^I\]CCL5, making it impossible to determine chemokine binding affinities for this mutant, and (ii) specific CCR5 mutants L104F, F85L/L104F, which involve aromatic residues in transmembrane domains, exhibited reduced functional response compared to the native CCL5. Maeda *et al.*[@b33] in 2006 investigated the effect of CCR5 amino acid substitutions on the inhibition of HIV-1 coreceptor function by CCL5 and depicted that CCR5 mutants D11A, Y37A, F112Y, C178A, K191A, Y251A and M287E experience a significant loss in anti HIV-1 function, mutants F112L and E283A experience a moderate loss in anti HIV-1 function, and mutants Y108A, G163R, K171A/E172A, and S180T experience a small loss in anti HIV-1 function, whereas no loss was reported for mutants I198A and M287A. Furthermore, Kondru *et al.*[@b30] in 2007 depicted that CCR5 mutants T195A, I198A, W248A, Y251A, and M287A, did not significantly change the binding affinity of CCL5 to CCR5; however, mutations W86A, F109A, and E283A reduced the binding affinity of RANTES to CCR5 by 5-, 10-, and 20-fold, respectively. The recent study by Thiele *et al.*[@b28] in 2011 showed that CCR5 mutants D276A and E283A result in a decrease in signaling.

In addition, a series of experiments provided evidence for the involvement of certain CCL5 residues in the CCR5 mediated binding-signaling. Proudfoot *et al.*[@b25] in 1996 showed that extension of recombinant human CCL5 by the retention of the initiating methionine produces a potent antagonist; based on these findings, the authors state that the integrity of the amino terminus of CCL5 is crucial to receptor binding and cellular activation. Pakianathan *et al.*[@b24] in 1997 demonstrated that alanine mutations at specific CCR5 residues of the N-terminal (residues 1:9) and N-loop (residues 12--20) domains of CCL5 result in reduced signaling. Specifically, P2A and F12A mutants almost abrogate signaling; S1A, Y3A, D6A, I15A mutants cause at least a 50% reduction in signaling; mutants S4A, S5A, Y14A, R17A cause a reduction in signaling within the range of 25--50%. In addition, Martin *et al.*[@b36] in 2001 introduced acetylations at positively charged residues of CCL5, and suggested that (i) the cluster of basic residues Arg44, Lys45 and Arg47 plays a moderate role with regard to the CCR5 binding and functional response, and (ii) an acetylation of CCR5 residue Lys33 impairs the ability of CCL5 to stimulate CCR5; nevertheless, this result is most probably a consequence of the high tendency of the acetylated CCL5 Lys33 derivative to form aggregates at high concentration, as suggested by gel filtration experiments. Also, according to Choi *et al.*[@b14] in 2011, (i) CCR5 mutations distinguish N-terminal modifications of CCL5 with agonist versus antagonist activity, and (ii) the transmembrane region of CCR5, which is a key interaction site for inhibitors, is a sensitive molecular switch modulating receptor activity.

The complex structure derived in our study sheds light into, and provides compelling evidence for the role of all aforementioned CCR5 and CCL5 residues and their involvement in binding and/or signaling. Firstly, the computationally derived structure is in exceptional accordance with the fact that the core domain of CCL5, i.e. the so called "N-loop" (which comprises CCL5 residues 10--17), three antiparallel β-strands and the C-terminal α-helix, binds distinct residues in CCR5 extracellular domains, whereas the N-terminal domain of CCL5 mediates receptor activation by interacting with the transmembrane helix bundle[@b31]. In our simulation, the charged N-terminal of Ser1 forms a highly interacting salt bridge with CCR5 residue Glu283 and is also polarly attracted to Asp276; as experiments underlined the key role of both the N-terminal end of CCL5 and CCR5 residues Glu283 and Asp276 in signaling, the aforementioned interactions should be also considered most critical for signaling. The significantly strong polar interaction between the charged N-terminal of CCL5 and CCR5 residue Glu283 suggests the critical role of Ser1 in guiding CCL5 to obtain a proper position and orientation with regard to CCR5 for optimal binding. Experiments show that CCR5 mutant M287A does not affect the binding of CCL5 to CCR5, however the M287E mutant results in a significant loss in anti HIV-1 function; owing to the proximity of residue position 287 to the charged N-terminal, our results suggest that the M287E mutant could falsely orient the charged N-terminal of CCL5 toward M287E, and thus disallow the formation of the most highly interacting salt bridge formed between the charged N-terminal and Glu283. In addition, a juxtaposition of the knowledge derived by previous experimental studies to the findings of our study, suggests that the identified strong non-polar interactions formed between CCL5 residues Ser1, Pro2 and aromatic CCR5 residues Tyr37, Trp86, Tyr89, Tyr108, Phe109, should be of utmost importance for signaling. It is worth noting that CCR5 residues Arg31, Phe85, Leu104 and Phe112 also contribute to the formation and stabilization of the aforementioned interactions, as (i) the Arg31 forms a cation-π interaction with CCR5 residue Tyr89, and (ii) aromatic residues Phe85, Leu104, Phe112 are part of an aromatic cluster which additionally comprises CCR5 residues Tyr37, Trp86, Tyr89, Tyr108, Phe109 and Tyr251. Also, the important for signaling CCL5 residues Ser2, Tyr3, Ser4 and Ser5 are involved in polar and non-polar interactions, which include experimentally key CCR5 residues Lys22, Gly163, Glu172, Cys178, Ser180 and Asp276; additionally, the low intensity interactions formed by Tyr3 of CCL5 and Thr195, Ile198 of CCR5 also justify the experimentally-defined minor role of the latter residues. Furthermore, the high occupancy salt bridge formed between CCL5 residue Asp6 and CCR5 residue Lys191, as well as the strong polar interactions formed between CCL5 residue Asp6 and CCR5 residue Lys22, justify the critical role of CCL5 residue Asp6 in signaling, and CCR5 residues Lys22, Lys191 in binding; our study suggests that Lys22 and/or Lys191 can also be important for signaling. CCL5 residue Phe12 is, according to experiments, most important for signaling, and according to our study, this can be attributed to its numerous interactions with CCR5; these interactions are associated with CCR5 residues Tys3, Lys171, Glu172, Tyr284, which are also deemed important for binding, and thus, it is possible that all, or a portion of the aforementioned CCR5 residues, are/is important for signaling, as well. While experiments did not investigate the role of CCL5 residues Cys10, Cys11, Ala13 and Ala16, our computationally derived structure predicts their involvement in binding as they are involved in interactions with several CCR5 residues, which include the key CCR5 experimentally defined residues: Tys3, Lys171, Glu172, Tyr184 and His181. CCL5 residues Tyr14, Ile15 and Arg47 are experimentally important for signaling and this can be attributed to their interactions with CCR5 residues, which include CCR5 residues Tyr3 and Tyr184. These residues are important according to experiments and this finding additionally suggests that Tyr3 and/or Tyr184 can be significant for signaling, as well. Moreover, the role of CCL5 residues Arg44, Lys45 and Arg47 with regard to binding and functional response can be interpreted by our findings, as they are involved in an abundance of interactions with CCR5. These interactions comprise a high occupancy formed by CCL5 residue Lys45 and CCR5 residue Asp11; owing to this salt bridge, our study can also provide evidence for the key role of CCR5 residue Asp11 in blocking HIV-1 function which occurs owing to the CCL5 binding to CCR5. Last but not least, the important role of CCR5 residues Tys3 and Asp11 could additionally be attributed to their interactions with the CCL5 residue moiety 47--50 and residue Asn46, respectively.

Our study presents the first structural ([Figure 4](#f4){ref-type="fig"}) and interaction free energy ([Figure 3](#f3){ref-type="fig"}) based comparison between the HIV-1 : CCR5 and CCL5 complexes, and thus, it sheds light into the blocking mechanism of HIV-1 by CCL5. Interestingly, while (i) the bound structures of the HIV-1 gp120 V3 loop[@b9] and CCL5 ([Figure 1](#f1){ref-type="fig"}) differ significantly, and (ii) the unbound HIV-1 gp120 V3 loop[@b10][@b46] and the N-terminal domain of CCL5[@b39] are highly flexible, the present work shows that both the chemokine and the virus primarily interact mostly with the same CCR5 residues, and share the same chemokine receptor binding pocket ([Figures 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). Both the virus[@b9] and the chemokine interact most strongly with CCR5 residue Glu283; CCR5 residue Glu283 forms Coulombic interactions with (i) the "central-tip" Arg18 (Arg315 in the complete HIV-1 gp120 sequence[@b9], (ii) and the charged N-terminal of CCL5.

The binding mode of CCL5 : CCR5 is similar to the binding mode of CXCL12 : CXCR4[@b42] (see [Supplementary Figure 2](#s1){ref-type="supplementary-material"}). According to both complex structures, the bound properties of CCL5/CXCL12 vary from their unbound properties: while the 1--11 domain is the most flexible region of the CCL5/CXCL12 solution conformations[@b39][@b42], the same domain turns out to be the most rigid domain upon binding to CCR5/CXCR4[@b42]. In addition, in both complex structures, the charged N-termini of CCL5/CXCL12 interact with Glu283/Glu288 of CCR5/CXCR4, respectively; interestingly, the aforementioned chemokine receptor residues are most critical for the HIV-1 gp120 binding, as well[@b9][@b10].

The design of novel CCR5 antagonists which can therapeutically block (i) the HIV-1 entry to CCR5[@b9], or (ii) the CCL5:CCR5 axis which is associated with cancer[@b1][@b3][@b16][@b17][@b18][@b19][@b20][@b21] is of significant medical importance. As a proof of concept for the first direction, the binding of CCL5 and CCL5 derivatives, to CCR5 is -- experimentally considered --a potential HIV-1 therapeutic axis[@b11][@b12][@b13][@b14][@b15]. Thus, we propose that the computational derived CCL5 : CCR5 structure which is in excellent agreement with previous experimental findings can be used to design[@b47][@b48][@b49][@b50][@b51][@b52][@b53] modified-novel CCL5-based peptides which can potentially constitute therapeutic agents for HIV-1 and cancer.

Methods
=======

We employed a computational protocol, which consists of six major steps and is primarily based on free energy calculations and molecular dynamics simulations to derive the CCL5 : CCR5 complex structure. 1) We generated and selected structural templates for CCL5 and CCR5; 2) We docked selected CCL5 conformations on selected CCR5 conformations; 3) We used experimental constraints to discard falsely-docked complex structures which are not associated with signaling; 4) We employed the membrane GBSA[@b54] approximation, as in[@b9][@b10][@b42], to minimize the energy and calculate the binding free energy for the selected docked complexes of step 3; 5) We selected the docked complexes which possess the lowest binding free energy according to step 4 and performed MD simulations of the selected complexes; 6) We calculated the binding free energy for the simulated complex structures using the membrane MM GBSA[@b54] approximation, as in[@b9][@b10][@b42], and identified the complex structure with the lowest average binding free energy. CHARMM[@b55] was used to perform the free energy calculations and the MD simulations. Steps 1--6 are analytically described below.Sixty six CCL5 structures were selected as flexible ligand templates for docking. Thirteen structures correspond to NMR conformations which are deposited in the PDB entry 1HRJ[@b38], and two structures correspond to NMR conformations which are deposited in the PDB entry 2L9H[@b39]. The rest of the conformations were produced by considering the 7^th^ and 13^th^ NMR structures of[@b38] as initial coordinates in two independent 0.28 μs replica exchange MD (REMD) simulations with the FACTS19 implicit solvent model[@b56]. The FACTS implicit solvent model in conjunction with replica exchange simulations possesses the capacity to reproduce results of explicit solvent simulations[@b57][@b58][@b59]. We introduced light shape "bestfit" harmonic constraints on the backbone of the 12--68 residue moiety. The choice to use 7^th^ and 13^th^ conformations of[@b38] as initial coordinates in the REMD simulations was based on the fact that they encompass the key secondary structural elements of the CCL5 12--68 residue moiety. REMD simulations were conducted so as to achieve enhanced conformational sampling of the flexible N-terminal 1--11 domain of CCL5; experiments have confirmed that the N-terminal domain of CCL5 is extremely flexible[@b39]. Upon the completion of the REMD simulations, the CCL5 conformations were clustered based on the Cα coordinates, using a 1.5 Å clustering radius, in WORDOM[@b60]. Prior to docking, the sixty six CCL5 structures were subjected to two hundred steps of steepest minimization in implicit solvation[@b61]; the backbone heavy atoms were constrained during the minimization. As far as CCR5 is concerned, the fifteen clustered CCR5 conformations produced in[@b9] and the two CCR5 X-ray structures[@b40] were considered as flexible receptor templates for docking. The construction of any missing N-terminal domain and intracellular loop residues of the X-ray structures was achieved using the refined conformations of the corresponding regions produced in[@b9].We docked sixty six CCL5 structures to the seventeen CCR5 structures using the parallel linux version of Zdock v.3.0.2[@b62]. For each docking run, 2000 docked structures were produced, and consequently, the total number of complex structures produced was 2,244,000; see reference[@b42] for additional information regarding the methodology used.Experimental evidence depicts that the N-terminus of CCL5 (i) interacts with the transmembrane helical bundle of CCR5[@b31] and (ii) is crucial for activation[@b25]. We utilized this information to exclude all docked conformations at which the N-terminal end of CCL5 was not penetrating into the CCR5 transmembrane region. As a result, we collected 17,113 conformations according to the following criteria: (i) the z coordinate value of atom CCL5 Ser1 Cα was less than 15.5 Å, and (ii) the N-terminal domain was not contacting the exterior surface of the CCR5 transmembrane helical bundle.The selected 17,113 complex conformations were subjected to three hundred steps of steepest minimization in a heterogeneous water-membrane-water environment, implicitly modeled by GBSW[@b54] as in[@b9][@b10][@b42]. Subsequently, as in[@b9][@b10][@b42], we used the expression , where *E*~X~ corresponds to the total (free) energy of molecule X (complex PL: CCR5 : CCL5, free protein (P): chemokine receptor CCR5, or free ligand (L): chemokine CCL5), to calculate the binding free energy. In the calculations, we assumed that the conformations of the chemokine and the chemokine receptor are identical in their complex and unbound states, as in[@b9][@b10][@b42][@b49][@b63][@b64], and thus, bonded-energy contributions are canceled. The heterogeneous water-membrane-water environment[@b54] was employed to calculate the solvation free energy components of the complex and unbound chemokine receptor, while a homogeneous aqueous environment[@b61] was employed to calculate the solvation free energy of the unbound chemokine. As a result of this procedure, we spotted the complex structure acquiring the lowest binding free energy −170.4 kcal/mol, and subsequently, we selected the twenty five complex structures acquiring the lowest binding free energy, within the range of (−170.4 kcal/mol : −146.5 kcal/mol), to be included in the analysis of the following steps (see [Supplementary Table 2](#s1){ref-type="supplementary-material"}).We used the twenty five complex structures as starting conformations to conduct twenty five independent MD simulations. Prior to the production MD simulation runs, a 400-ps heating stage and a subsequent 700-ps equilibration stage were conducted; during the equilibration stage, the harmonic constraints were gradually removed from the chemokine receptor and the chemokine. During the 30-ns production MD simulation runs, the complexes were not constrained. We considered the first 10-ns of each trajectory as additional equilibration time, and thus, only the last 20-ns of the simulation trajectories were analyzed; see references[@b9][@b10][@b42] for additional information regarding the methodology and the force field parametrization used in the simulations.We calculated the average binding free energy for 1,000 complex structures per simulation trajectory, using the MM GBSA method[@b9][@b10][@b42] (see [Supplementary Table 2](#s1){ref-type="supplementary-material"}). The 1,000 snapshots were extracted every 20-ps intervals, from the last 20-ns of each of the twenty five trajectories. As in step 4, the heterogeneous water-membrane-water environment[@b54] was employed to calculate the solvation free energy components of the complex and unbound chemokine receptor, while a homogeneous aqueous environment[@b61] was employed to calculate the solvation free energy of the unbound chemokine. According to the results which are included in [Supplementary Table 2](#s1){ref-type="supplementary-material"}, the binding free energy range of the simulated complexes is expanded (−346.1 kcal/mol : −263.3 kcal/mol) compared to step 4, and in addition, the average binding free energy values of the structures produced in the simulations are significantly decreased with respect to the binding free energy values of the corresponding starting structures produced in step 4 (see [Supplementary Table 2](#s1){ref-type="supplementary-material"}). The values of the binding free energies are significantly reduced in the MD simulations compared to the starting conformations, and this underlines the beneficial role of MD simulations with regard to providing structural relaxation, refinement and optimization of interactions within the simulated complexes. As in[@b42], the simulations enable the occurrence of salt bridges between adjacent oppositely charged residues and hydrogen bonds between adjacent hydrogen donor-acceptor pairs, and in addition, the simulations contribute to stabilization of non-polar contacts. Based on [Supplementary Table 2](#s1){ref-type="supplementary-material"}, Complex 14 possesses the lowest binding free energy among all complexes. As the average binding free energy of Complex 14 falls within a standard deviation (≈16 kcal/mol) of the second most promising complex, Complex 17, we aimed at validating that Complex 14 is indeed energetically favored compared to Complex 17. To address this, we performed an additional 20-ns simulation for each of the two complexes, using the lowest binding free energy snapshot from the previously simulated Complexes, 14 and 17, as a starting structure for a new additional round of MD simulations; the additional simulations were conducted with the MD protocol of step 5, and are referred as Complex 14A and Complex17A, respectively. Subsequently, we extracted 1000 snapshots from Complex 14A and Complex17A and evaluated the average binding free energy by employing the MM GBSA approximation. This additional analysis verified that Complex 14A is indeed more energetically favored that Complex 17A (by (≈13 kcal/mol). Also, it is worth noting that, while the interactions formed within Complex 14A (as well as Complex 14) are in excellent agreement with previous experimental findings, and thus Complex 14A is capable of shedding light into the role of key CCL5 and CCR5 residues for binding and signaling, the interactions formed within Complexes 17 or 17A do not possess the capacity to sufficiently interpret previous experimental findings. The 1000 simulation snapshots extracted from the new simulation, Complex 14A, are considered for subsequent analysis. [Supplementary Table 2](#s1){ref-type="supplementary-material"} presents the average binding free energies of the 25 complexes, as well as for the additional simulations of Complexes 14A and 17A.

Analysis of Complex 14A
-----------------------

We calculated the average intermolecular CCL5 : CCR5 residue pair-wise interaction free energies for 1,000 complex structures which correspond to Complex 14A using Eq. (1): The first term of Eq. (1) describes the polar interactions between residues R and R\', and the second term of Eq. (1) describes the non-polar interactions between residues R and R\'. The results of this analysis are presented in [Table 1](#t1){ref-type="table"} and [Supplementary Figure 1](#s1){ref-type="supplementary-material"}. The analysis of intermolecular interaction free energies between two interacting groups R and R\' provides invaluable insights into the key intermolecular interactions[@b9][@b10][@b42] and key interacting residues[@b49][@b50][@b63][@b64] in an MD simulation trajectory. This methodology was also applied by Tamamis and Floudas to analyse (i) the key interactions between an HIV-1 dual tropic V3 loop in complex with CCR5[@b9] and CXCR4[@b10], and (ii) the key interactions between chemokine CXCL12 and CXCR4[@b42]; see reference[@b42] for additional information regarding the methodology used.
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![Entire Simulation System of the CCL5 : CCR5 Complex Structure: Molecular graphics images of the entire simulation system corresponding to simulation 14A.\
Panel (B) is rotated around the z-vertical axis with regard to panel (A). CCL5 is shown in tube and transparent surface representation in red color. CCR5 is shown in cartoon representation, and the coloring used for different protein domains is as follows: (i) N-terminal domain is colored in blue, (ii) Transmembrane helix 1 (TH1) is colored in green; (iii) Intracellular loop 1 (ICL1) is colored in light gray; (iv) TH2 is colored in purple, (v) Extracellular loop 1 (ECL1) is colored in light gray; (vi) TH3 is colored in yellow; (vii) ICL2 is colored in light gray; (viii) TH4 is colored in gray; (ix) ECL2 is colored in ochre; (x) TH5 is colored in pink; (xi) ICL3 is colored in light gray; (xii) TH6 is colored in cyan; (xiii) ECL3 is colored in lime; (xiv) TH7 is colored in orange; (xv) C-terminal domain is colored in light gray. The N-terminal Cα atom of CCR5 is shown in a small van der Waals sphere. The Cα atoms of CCL5 residues 1, 5, 15, 16, 17, from bottom to top, are shown in small van der Waals spheres.](srep05447-f1){#f1}

![Salt Bridges, Important Hydrogen Bonds and Important Cation-π Interactions Formed between CCL5 and CCR5 residues: Molecular graphics image depicting the salt bridges, important hydrogen bonds and important cation-π interactions between CCL5 and CCR5 residues in the simulation.\
CCL5 is shown in red tube representation and CCR5 is shown in light gray transparent tube representation. The hydrogen bonds are denoted in dashed lines and the participating CCL5 and CCR5 residue moieties are shown in licorice. CCR5 residues participating in cation-π interactions are shown in transparent van der Waals representation. CCL5 and CCR5 residues are annotated in red and black, color, respectively. Hydrogen atoms are omitted for clarity.](srep05447-f2){#f2}

![Interaction Free Energies of CCR5 Residues in Complex with CCL5/HIV- gp120 V3 Loop: The residue pair-wise interaction free energies were summed up (y axis) for every CCR5 residue (x axis), in complex with (i) CCL5 (first column per CCR5 residue) and (ii) the dual tropic HIV-1 gp120 V3 loop of[@b9] (second column per CCR5 residue).\
The figure includes only CCR5 residues which possess at least −4.5 kcal/mol total interaction free energy in at least one of the two complexes (i) or (ii), and is partitioned in panels (A) and (B). If a CCR5 residue interacts strongly and approximately equally with both CCL5 and the HIV-1 gp120 V3 loop, it is listed in panel A, whereas, if a CCR5 residue interacts strongly with CCL5 and weakly with HIV-1 gp120 V3 loop, or vice versa, it is listed in panel B (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Residues in panels A and B are presented in descending order of magnitude of interaction free energy (averaged for the two complexes); residues in panel B are first categorized according to their property to interact strongly either with CCL5 (first five residues) or the HIV-1 gp120 V3 loop (last eleven residues). Residue name "Tys" corresponds to a sulfated tyrosine.](srep05447-f3){#f3}

![Superposition of the HIV-1 gp120 : CCR5 and CCL5 : CCR5 Complex Structures: Superimposed molecular graphics images of the HIV-1 gp120 V3 loop[@b9] and CCL5 in complex with CCR5.\
The structures are aligned (superimposed) with regard to the CCR5 transmembrane backbone region and correspond to the intermediate (10 ns) snapshot of the simulations in the HIV-1 gp120 V3 loop[@b9] and CCL5 in complex with CCR5 (in this work). The molecular graphics representation of CCR5 is described in the legend of [Figure 1](#f1){ref-type="fig"}. The CCR5 N-terminal domain in complex with the HIV-1 gp120 V3 loop is colored in magenta. The HIV-1 gp120 V3 loop[@b9] and CCL5 are shown in tube representation in black and red colors, respectively. Owing to the significant overlap between the conformational space occupied by the HIV-1 gp120 V3 loop residue moiety 5-33 (which corresponds to 300--329 in the entire gp120 sequence[@b45]) and CCL5 residue moieties 1--8, 12, 13, 15, 43--50, the aforementioned regions are shown in fat tube representation. According to backbone RMSD calculations of the two structures presented, the RMSD of the transmembrane helical domains is 2.22 Å, the RMSD of the N-terminal domains is 6.31 Å, the RMSD of extracellular loops 1, 2, 3 is 1.61, 3.08 and 3.17 Å, respectively. Despite the relatively small RMSD values obtained for the transmembrane region and extracellular loop domains, the N-terminal domain of CCR5 is "locked" in different relative orientations in complex with the HIV-1 gp120 V3 loop[@b9] and CCL5 (in this work).](srep05447-f4){#f4}

###### Important CCL5:CCR5 Intermolecular Interactions: Residue pair-wise interaction free energies, salt bridges and hydrogen bonds

  CCL5[§](#t1-fn1){ref-type="fn"}                                                                                                                                         CCR5[¶](#t1-fn1){ref-type="fn"}                                                                                                                                                                                                                                                            Salt Bridges[†](#t1-fn1){ref-type="fn"} and Hydrogen Bonds[‡](#t1-fn1){ref-type="fn"}
  --------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Ser1**                                                          [□](#t1-fn1){ref-type="fn"}**Tyr37**(0.0,-0.5), **Trp86** (-6.8, -2.4), **Tyr89** (1.0, -0.8), **Tyr108** (4.5, -1.0), **Tyr251** (-2.5, -0.3), **Asp276** (-0.6, -0.1), Met279 (-1.1, -1.5), Gln280 (-16.2, 0.8), **Glu283** (-70.7, 4.5)                                                                 [‡](#t1-fn1){ref-type="fn"}**Ser1** OG : **Tyr251** OH, [‡](#t1-fn1){ref-type="fn"}**Ser1** OG : Met279 SD, [‡](#t1-fn1){ref-type="fn"}**Ser1** N : Gln280 OE1, [‡](#t1-fn1){ref-type="fn"}**Ser1** N : Gln280 NE2, [†](#t1-fn1){ref-type="fn"}**Ser1**:**Glu283**
  **Pro2**                                                                       **Trp86** (0.4, -1.9), Thr105 (-0.8, -1.1), **Tyr108** (-0.3, -1.9), **Phe109** (0.1, -1.0), Thr167 (-0.2, -0.9), **Cys178** (-0.5, -1.5), Ser179 (-0.5, -0.8), **Tyr251** (-0.4, -0.6), **Glu283** (-1.0, -0.3)                                                                                                                                                                                                               
  **Tyr3**                           Thr105 (0.2, -0.7), **Phe109** (-0.3, -1.2), **Gly163** (-0.7, -0.5), Thr167 (-4.9, -0.5), **Cys178** (-0.2, -0.6), Ser179 (0.0, -1.6), **Ser180** (0.0, -1.8), **Lys191** (0.5, -0.7), **Thr195** (-0.1, -1.0), **Ile198** (-0.1, -0.8), **Tyr251** (-0.4, -0.6), Leu255 (0.0, -1.0), Met279 (0.0, -1.2)                                                                                                                                        [‡](#t1-fn1){ref-type="fn"}**Tyr3** OH : Thr167 OG1
  **Ser4**                                                                                                **Lys22** (2.3, -0.9), **Glu172** (-0.7, -0.3), Ser179 (-0.1, -0.6), **Lys191** (-2.9, -0.4), Asn258 (-0.3, -1.6), **Asp276** (-10.0, 0.2), Met279 (0.0, -1.5)                                                                                                                                        [‡](#t1-fn1){ref-type="fn"}**Ser4** OG : **Lys22** NZ, [‡](#t1-fn1){ref-type="fn"}**Ser4** O : **Lys191** NZ, [‡](#t1-fn1){ref-type="fn"}**Ser4** OG : **Asp276** OD[\*](#t1-fn1){ref-type="fn"}
  **Ser5**                                                                                                    **Lys22** (-12.3, -0.9), Asn258 (-2.1, -2.0), Gln261 (0.9, -1.4), Glu262 (-6.7, -2.3), Ser272 (-3.9, -0.8), Leu275 (0.0, -0.5), **Asp276** (0.6, -0.6)                                                                             [‡](#t1-fn1){ref-type="fn"}**Ser5** O : **Lys22** NZ, [‡](#t1-fn1){ref-type="fn"}**Ser5** OG : **Lys22** NZ, [‡](#t1-fn1){ref-type="fn"}**Ser5** N : Asn258 OD1, [‡](#t1-fn1){ref-type="fn"}**Ser5** N : Asn258 ND2, [‡](#t1-fn1){ref-type="fn"}**Ser5** OG : Asn258 OD1, [‡](#t1-fn1){ref-type="fn"}**Ser5** OG : Ser272 O/OG
  **Asp6**                                                                                                               Met1 (-1.3, -1.2), Asp2 (-2.3, -1.9), **Lys22** (-3.5, -1.6), Ser179 (-0.4, -0.3), **Lys191** (-11.2, -0.1), Glu262 (-5.9, -1.2)                                                                                                                                                   [‡](#t1-fn1){ref-type="fn"}**Asp6** O : Met1 N, [‡](#t1-fn1){ref-type="fn"}**Asp6** OD1 : Ser179 OG, [†](#t1-fn1){ref-type="fn"}**Asp6**:**Lys191**, **Asp6** N : Glu262 OE[\*](#t1-fn1){ref-type="fn"}
  Thr7                                                                           Asp2 (-9.0, -0.9), Ser17 (-0.1, -0.9), **Cys20** (-0.1, -0.6), Gln21 (-2.1, -1.2), **Lys22** (-4.2, -2.2), Gln261 (-0.6, -1.3), Glu262 (0.5, -0.7), Phe264 (-0.1, -1.3), Cys269 (0.0, -1.6), Ser272 (-3.1, -1.0)                                                                                                   [‡](#t1-fn1){ref-type="fn"}Thr7 N :Asp2 OD[\*](#t1-fn1){ref-type="fn"}, [‡](#t1-fn1){ref-type="fn"}Thr7 OG1 : Asp2 OD2, [‡](#t1-fn1){ref-type="fn"}Thr7 O : **Lys22** N, [‡](#t1-fn1){ref-type="fn"}Thr7 OG1 : Ser272 OG
  Thr8                                                                                                                      Met1 (-6.7, -1.8), Asp2 (0.5, -0.6), Gln21 (-1.0, -2.5), **Lys22** (0.0, -2.7), Asn24 (-0.6, -0.4), **Glu172** (-0.4, -1.1)                                                                                                                                                          [‡](#t1-fn1){ref-type="fn"}Thr8 O : Met1 N, [‡](#t1-fn1){ref-type="fn"}Thr8 OG1 : Gln21 NE2, [‡](#t1-fn1){ref-type="fn"}Thr8 OG1 : Asn24 OD1, [‡](#t1-fn1){ref-type="fn"}Thr8 OG1 : Asn24 ND2
  Pro9                                                                                                                                                     Met1 (-0.3, -3.10), **Cys20** (0.0, -0.5), Gln21 (0.2, -2.2)                                                                                                                                                                                                                                                                    [‡](#t1-fn1){ref-type="fn"}Pro9 O : Met1 N
  Cys10                                                                                                                      Met1 (-7.4, -1.4), **Tys3** (1.7, -0.6), Gln21 (0.0, -0.7), Asn24 (0.0, -0.7), **Glu172** (0.0, -0.6), Gly173 (0.0, -1.7)                                                                                                                                                                                                                                    [‡](#t1-fn1){ref-type="fn"}Cys10 O : Met1 N
  Cys11                                                                                                                                                  Met1 (1.3, -1.1), **Tys3** (-7.5, -2.7), **Lys171** (-0.4, -1.0)                                                                                                                                                                                                                                                                                       
  **Phe12**                                                                                                 Met1 (0.9, -1.8), **Tys3** (-7.1, -3.6), Gln170 (-1.0, -3.2), **Lys171** (-0.4, -3.7), **Glu172** (-0.1, -2.9), Ser179 (0.0, -0.6), **Tyr184** (-1.1, -2.3)                                                                                                                                                        [‡](#t1-fn1){ref-type="fn"}**Phe12** N : **Tys3** OS2/OS3, [‡](#t1-fn1){ref-type="fn"}**Phe12** O : Gln170 NE2, [‡](#t1-fn1){ref-type="fn"}Phe12 O : **Lys171** N
  Ala13                                                                                                                                     **Tys3** (-8.7, -1.8), Gln170 (-0.2, -1.5), **His181** (0.0, -0.5), **Tyr184** (-0.4, -2.7)                                                                                                                                                                                                                                                [‡](#t1-fn1){ref-type="fn"}Ala13 N : **Tys3** OS3
  **Tyr14**                                                                                                                                                       **Tys3** (-9.3, -2.5), **Tyr184** (-0.1, -1.3)                                                                                                                                                                                                                                                                     [‡](#t1-fn1){ref-type="fn"}**Tyr14** N : **Tys3** OS3
  **Ile15**                                                                                                                                              **Tys3** (0.1, -3.1), **Tyr184** (-0.7, -2.0), Tyr187 (0.0, -0.5)                                                                                                                                                                                                                                                                                      
  Ala16                                                                                                                                                 **His181** (-0.1,-0.4), **Tyr184** (-1.9, -2.3), Ser185 (0.0, -1.7)                                                                                                                                                                                                                                                            [‡](#t1-fn1){ref-type="fn"}Ala16 N : **Tyr184** O
  **Arg17**                                                                                                                                               **Tyr184** (-0.3, -0.4),Ser185 (0.1, -0.7), Tyr187 (-3.5, -1.5)                                                                                                                                                                                                                                                           [‡](#t1-fn1){ref-type="fn"}**Arg17** NH1 : **Tyr184** O
  Lys25                                                                                                                                                                         Tys14 (-8.1, -1.1)                                                                                                                                                                                                                                                                                           [†](#t1-fn1){ref-type="fn"}Lys25:Tys14
  Ser31                                                                                                                                                                         Gln21 (-1.0, -1.1)                                                                                                                                                                                                                                                              [‡](#t1-fn1){ref-type="fn"}Ser31 OG : Gln21 OE1, [‡](#t1-fn1){ref-type="fn"}Ser31 OG: Gln21 NE2
  Lys33                                                                                                                                                     Gln21 (-0.9, -1.7), Asn24 (-1.0, -2.7), Leu174 (0.2, -1.4)                                                                                                                                                                                                                  [‡](#t1-fn1){ref-type="fn"}Lys33 NZ : Gln21 OE1, [‡](#t1-fn1){ref-type="fn"}Lys33 O : Asn24 ND2, [‡](#t1-fn1){ref-type="fn"}Lys33 NZ : Asn24 OD1
  Cys34                                                                                                                                                                         Gly173 (-1.3, -1.4)                                                                                                                                                                                                                                                                                                             
  Ser35                                                                                                                                                  **Lys171** (-5.3, -1.2), Gly173 (-3.5, -0.7), Leu174 (0.0, -2.8)                                                                                                                                                                                                                           [‡](#t1-fn1){ref-type="fn"}Ser35 OG : **Lys171** NZ, [‡](#t1-fn1){ref-type="fn"}Ser35 N : Gly173 O, Ser35 OG : Ser173 O
  Asn36                                                                                                                                                                       **Lys171** (-1.7, -1.4)                                                                                                                                                                                                                                                                                 [‡](#t1-fn1){ref-type="fn"}Asn36 OD1 : **Lys171** NZ
  Val40                                                                                                                                                                          Met1 (0.2, -1.4)                                                                                                                                                                                                                                                                                                               
  Val42                                                                                                                                                                         Tys14 (-0.7, -2.0)                                                                                                                                                                                                                                                                                                              
  **Arg44**                                                                                                                                                            Val5 (0.3, -2.0), Tyr187 (-5.7, -2.1)                                                                                                                                                                                                                                                            [‡](#t1-fn1){ref-type="fn"}**Arg44** NH[\*](#t1-fn1){ref-type="fn"} : Tyr187 OH
  **Lys45**                                                                                                                                      Val5 (-0.1, -0.6), Ser6 (-0.1, -2.5), **Asp11** (-11.4, -0.5), Tys14 (-1.5, -0.6)                                                                                                                                                                                                                                                       [†](#t1-fn1){ref-type="fn"}**Lys45**:**Asp11**
  Asn46                                                                                                                                          Gln4 (-0.2, -0.8), **Asp11** (-0.7, -2.7), Tys14 (-8.0, -7.2), Tyr15 (-1.6, -1.5)                                                                                                                                                                           [‡](#t1-fn1){ref-type="fn"}Asn46 N :Tys14 OS[\*](#t1-fn1){ref-type="fn"}, [‡](#t1-fn1){ref-type="fn"}Asn46 ND2 : Tys14 OS[\*](#t1-fn1){ref-type="fn"}, [‡](#t1-fn1){ref-type="fn"}Asn46 ND2 : Tyr15 OH
  **Arg47**                                                                                                                   **Tys3** (1.1, -2.4), Gln4 (-11.6, -1.6), Val5 (-0.5, -3.1), Tys14 (-0.1, -3.6), Glu18 (-1.2, -0.5), Tyr187 (0.6, -1.7)                                                                                                                                                                  [‡](#t1-fn1){ref-type="fn"}**Arg47** NE : Gln4 O, [‡](#t1-fn1){ref-type="fn"}**Arg47** NH2 : Gln4 O, [‡](#t1-fn1){ref-type="fn"}**Arg47** N : Tys14 OS[\*](#t1-fn1){ref-type="fn"}
  Gln48                                                                                                                                          Met1 (-0.3, -3.8), **Tys3** (-0.9, -0.6), Tys14 (-1.7, -1.8), Glu18 (-1.0, -2.8)                                                                                                                                                                                                   [‡](#t1-fn1){ref-type="fn"}Gln48 NE2 : Tys14 OS[\*](#t1-fn1){ref-type="fn"}, [‡](#t1-fn1){ref-type="fn"}Gln48 NE2 : Tys14 OE[\*](#t1-fn1){ref-type="fn"}
  Val49                                                                                                                                                               Met1 (1.3,-2.6), **Tys3** (-4.6, -4.3)                                                                                                                                                                                                                                                                                                    
  Cys50                                                                                                                                                              Met1 (-0.1, -2.7), **Tys3** (-6.2, -2.4)                                                                                                                                                                                                                                                                                        Cys50 N : **Tys3** OS4

![](srep05447-t1)

CCL5 and CCR5 residues which are marked in **boldface** are experimentally associated with binding-signaling (see *Discussion*). The results correspond to analysis of 1000 snapshots of the Complex 14A simulation. ^□^Principal interacting CCL5^§^- CCR5^¶^residue pairs. ^□^For each pair, the average polar and nonpolar average interaction free energies (polar, non-polar), are provided in parentheses next to each CCR5 residue; all energies are in kcal/mol. ^†^Salt bridges between CCL5 and CCR5 residue pairs. ^‡^Hydrogen bonds between CCL5 and CCR5 atom pairs. The asterisk (\*) symbol used after any CCL5/CCR5 atom in the hydrogen bonding pair denotes that any of the atoms in the charged, carboxyl or amide, side-chain group may participate in the hydrogen-bond formation. Residue "Tys" corresponds to a sulfated tyrosine.
